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~ reaction have
The first measurements of the transferred polarization for the exclusive e~ p ! e0 K  
been performed at Jefferson Laboratory using the CLAS spectrometer. A 2.567 GeV beam was used to
measure the hyperon polarization over Q2 from 0.3 to 1:5 GeV=c2 , W from 1.6 to 2.15 GeV, and over
the full K  center-of-mass angular range. Comparison with predictions of hadrodynamic models
indicates strong sensitivity to the underlying resonance contributions. A nonrelativistic quark-model
interpretation of our data suggests that the ss quark pair is produced with spins predominantly
antialigned. Implications for the validity of the most widely used quark-pair creation operator are
discussed.
DOI: 10.1103/PhysRevLett.90.131804

We present here the first measurements of spin transfer
in the nucleon resonance region from a longitudinally
polarized-electron beam to the  hyperon produced in
~ reaction. Understanding nuthe exclusive pe~ ; e0 K  
cleon resonance excitation continues to provide a major
challenge to hadronic physics due to the nonperturbative
nature of QCD at these energies. Studies of strange final
states can potentially uncover baryonic resonances that
do not couple or couple only weakly to the N channel
due to the different hadronic vertices. Recent symmetric
quark models predict more states than have been found
experimentally [1]. Whether these missing states do in
fact exist is directly tied to the question of whether
certain quark degrees of freedom might be ‘‘frozen out’’
as in, e.g., some diquark models [2]. This question is
central to our understanding of baryon structure.
In the absence of direct QCD predictions, the theoretical framework involving hadrodynamic models has been
extensively applied to the study of electromagnetic production of pseudoscalar mesons [3–6]. Their predictive
powers, however, are still limited by a sparsity of data.
Model fits to the existing cross section data are generally
obtained at the expense of many free parameters, and
these unpolarized data alone are not sufficiently sensitive
to fully understand the reaction mechanism as they probe
only a small portion of the full response. Our doublepolarization data can provide significant new constraints
on the basic parameters of these models, increasing their
131804-2
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discriminatory power and allowing for a quantitative
measure of whether or not new ‘‘missing’’ resonances
might be required to explain these and other hyperon
production data.
Alternatively, our data provide interesting, and perhaps
surprising, information about the nature of quark-pair
production. There is a growing body of evidence that the
appropriate degrees of freedom to describe the phenomenology of hadronic decays are constituent quarks held
together by a gluonic flux tube [7]. The nonperturbative
nature of the flux tube gives rise to the well-known linear
potential of heavy-quark confinement [8]. Other properties of the flux tube can be determined by studying
qq pair production, since this is widely believed to produce the color field neutralization that actually breaks the
flux tube.
Since the 1970s it has been suggested that a quark pair
with vacuum quantum numbers is responsible for breaking the color flux tube (the 3 P0 model [9]). The most
sensitive experiments to date have measured ratios in
certain meson decays of strong amplitudes differing in
their orbital angular momenta [10]. Since the 3 P0 operator
has S  1 and L  1, it implies a different amplitude
ratio than, e.g., a 3 S1 operator with S  1 and L  0,
corresponding to one gluon exchange. Later, we will
argue that the spin properties of the quark-pair creation
operator might be responsible for the observed trends
in the  polarization, which indicate that the relevant
131804-2
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operator dominating our reaction produces the ss pair
with spins antialigned. This finding, if confirmed by
further calculations, brings into question the universal
applicability of the 3 P0 model. This has important implications since many, if not most, calculations of hadronic spectroscopy use the 3 P0 operator to calculate the
transition to the final-state particles [11].
Jefferson Laboratory provides multi-GeV electron
beams with longitudinal polarization up to 80%. The
CLAS spectrometer [12] in Hall B of this facility is
constructed around six superconducting coils that generate a toroidal magnetic field to momentum analyze
charged particles. The detection system consists of drift
chambers to determine charged-particle trajectories,
Čerenkov detectors for electron/pion separation, scintillation counters for flight-time measurements, and calorimeters to identify electrons and high-energy neutral
particles. Operating luminosity with the unpolarized
liquid-H2 target is 1  1034 cm 2 s 1 .
The large acceptance of CLAS has enabled us to detect
the final-state electron and kaon, and the proton from the
decay of the  hyperon at a beam energy of 2.567 GeV,
over a range of momentum transfer Q2 from 0.3 to
1:5 GeV=c2 and invariant energy W from 1.6 to
2.15 GeV, while providing full angular coverage in the
kaon center of mass (c.m.). Hyperon identification with
CLAS relies on missing-mass reconstructions. Figure 1(a)
shows the missing mass for pe; e0 K  X where a proton
has also been detected. Figure 1(b) shows the missing
mass for pe; e0 K  pX, where the final-state proton can
come from the decay of the 1115 (missing
) or the
0 1192 (missing
). Figure 1(c) shows the resulting
hyperon spectrum after a cut on the
peak in Fig. 1(b).
An attractive feature of the  ! p
decay comes
from its self-analyzing nature. This weak decay has an

asymmetric angular distribution with respect to the 
spin direction such that the decay-proton distribution in
the  rest frame (RF) for each beam helicity state ( or
) is of the form:
dN
 N 1  P0
d cosRF
p

Pb P0  cosRF
p ;

(1)

where Pb is the average beam polarization and  
0:642 0:013 is the weak decay asymmetry parameter
[13]. The  polarization is the sum of P0 , the induced
polarization, and P0 , the helicity-dependent transferred
polarization, both defined with respect to a particular set
of spin-quantization axes. This latter quantity is the focus
of this work. Figure 2 highlights two standard choices for
the spin-quantization axes.
Using Eq. (1), we can express the acceptance-corrected
yield asymmetries in terms of the average transferred
polarization for each kinematic bin as
A cosRF
p 

0
N N
Pb cosRF
p P

:
N  N
1  P0 cosRF
p

(2)

Here N cosRF
p  are the decay-proton helicity-gated
yields with respect to the different spin-quantization
axes   i^ ; j^ ; k^ , where RF
p is the RF polar angle between
the proton momentum and the chosen spin axis. To first
order, the acceptance corrections cancel in the asymmetry of Eq. (2), however they have been included, and in
fact, represent the largest source of systematic uncertainty in the polarization measurement [14].
Using the notation of Ref. [15], the most general form
for the virtual photoabsorption c.m. cross section for our
reaction from an unpolarized target, allowing for both a
polarized-electron beam and recoil hyperon is given by

X
dv
0
c 0
s 0
c 0
s 0
K
R0
T  %L RL  c  RLT cos  RLT sin  % RTT cos2  RTT sin2
dK
0
0
0
0;x ;y ;z
0
s 0
 hc c R0
LT 0 cos  RLT 0 sin  hc0 RTT 0 :

The R
are the transverse, longitudinal, and interferi
ence response functions that relate to the underlying
hadronic current and implicitly contain the  polarization. The sum over  includes contributions from the
polarization with respect to the x0 ; y0 ; z0  axes (see
Fig. 2). The   0 terms account for the unpolarized
response
and   0 implies anp
unpolarized
target. Here

p
c  2%L 1 % and c0  1 %2 , where % [%L 
2
%Q2 =kc:m:
  ] is the transverse (longitudinal) polarization
c:m:
of the virtual photon, K  jq~ K j=kc:m:
is the virtual
 , k
photon c.m. momentum, h is the beam helicity, and 
is the angle between the electron and hadron planes. The
c and s labels indicate whether Ri multiplies a sine or
cosine term.
131804-3

(3)

Using Eq. (3), the polarization components in the
x0 ; y0 ; z0  system are given by [16]
s 0
0 P0  Kc s R0
LT sin  % RTT sin2;
0

0

  x0 ; z0 ;

0

y0
0 P0y0  KRTy 0  %L RLy 0  c c RLT
cos
0

y0
cos2;
 %c RTT

0 P0  Kc

c

0
R0
LT 0 cos  c0 RTT 0 ;
0

y0
0 P0y0  Kc s RLT
0 sin:

(4)
  x0 ; z0 ;
(5)

Here 0 is the unpolarized cross section. These definitions
131804-3
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FIG. 1 (color online). Missing-mass spectra (GeV) for the reactions (a) pe; e0 K  X and (b) pe; e0 K  pX. (c) The hyperon
distribution after cutting on the low-mass peak in (b). CLAS data from 2.567 GeV summing over all Q2 and W.

can be related to the x; y; z system (see Fig. 2) via
appropriate rotation operators.
The data were summed over all  angles to improve
the statistical precision of the measurement. In the summation, the induced components P0x0 ;z0 ;x;z and the transferred components P0y0 ;y vanish identically. Thus the
nonzero, helicity-gated yield asymmetries of Eq. (2) reduce to
  i^ ; k^ ;

(6)

allowing for a direct extraction of P0 in a given kinematic
bin with a linear fit of A to cosRF
p . Note that different
choices for the spin axes lead to sensitivities of P0 to
different subsets of the response functions. The nonzero,
-integrated transferred polarization components in the
x0 ; y0 ; z0  and x; y; z systems are given by
0

z0
P0z0  c1 RTT
0;

0

x0
P0x  c2 c RLT
0 cosK

0

(7)

z0 0

The normalization factors are given by c1  c0 =K0 and
00
c2  c =2K0 , where K0  R00
T  %L RL . This formal-
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FIG. 2. Center-of-mass coordinate system highlighting the
definitions of the different spin-quantization axis choices for
the final-state  hyperon used in the polarization analysis.
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0.0

K
z

electron
scattering plane

Pz'

sinK  c RTT 0 cosK :

Px'

s Rx0 0
TT 0

P0z  c1 

0

y0
s z0
RLT
0  RLT 0 sinK ;

Pz

0

P0x0  c1 RxTT00 ;

Px

0
A  Pb cosRF
p P ;

ism is important to highlight as the hadrodynamic models provide the response functions in the x0 ; y0 ; z0  system
as their outputs.
Our results are shown in Figs. 3 and 4 compared to
several hadrodynamic model calculations. The error bars
in these figures include statistical but not systematic uncertainties for P0 , which we estimate to be  0:084 on the
polarization [14]. The dominant source of systematic
effects comes from the acceptance correction (0.07).
Other contributions include effects associated with
binning, extraction methods, and the beam polarization
uncertainty.
Figure 3 shows the W dependence of P0 summed over
all Q2 and dK for our two choices of spin axes. The data
indicate sizeable  polarizations. The average polarization magnitude is roughly the same along the z0 and x0
0
x0 0
axes, indicating equal strength in the RzTT0 0 and RTT
0
responses. For the other choice of axes, the polarization
is maximal when projected along the z axis (the virtual

-1.0
1.6

1.8

2.0

W (GeV)

FIG. 3 (color online). Transferred  polarization components
P0z0 and P0x0 (left panel) and P0z and P0x (right panel) at 2.567 GeV
vs W summed over all Q2 and dK . Curves correspond to the
hadrodynamic models: WJC92 (dotted), BM98 (dashed),
BM02 (solid), J02 (dot-dashed), averaged over the experimental bins.
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W=2.03 GeV
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*
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0
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*
K

1 -1

0

cos

*
K

1

FIG. 4 (color online). Transferred  polarization components
P0z0 and P0x0 (upper panels) and P0z and P0x (lower panels) at
2.567 GeV vs cosK summed over all Q2 and  for three W
bins centered at 1.69, 1.84, and 2.03 GeV. The curves are the
same as in Fig. 3.

photon direction), while the component along the x axis
is consistent with zero.
Figure 4 shows the angular dependence of P0 summed
over all Q2 for three different W bins from just above
threshold to 2 GeV. The polarization P0z0 decreases with
increasing K . P0x0 is constrained to be zero at cosK 
1 due to angular momentum conservation and reaches
a minimum at K  90 . Again, the maximum  polarization occurs along the virtual photon direction. This
component, P0z , is roughly constant with respect to cosK
and W. The component P0x in the electron-scattering
plane is again consistent with zero. The -integrated
P0y0 and P0y components (not shown) are statistically
consistent with zero with respect to W and cosK as
expected [14].
Recent calculations have been guided by coupledchannels analyses [4,17] that recognize the importance
of the S11 1650, P11 1710, and P13 1720 s-channel
resonances, which are the only ones with a known significant branching into strange channels [13]. The
pe; e0 K   cross section data exhibit a forward peaking
in K that has been attributed to t-channel exchanges [18].
For this reason the two lowest vector meson resonances
131804-5
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K 892 and K1 1270 are typically included. Some
models also include Y resonances in the u channel.
A comparison of the four models employed in this
work is included in Table I. These models were developed
by Williams, Ji, and Cotanch (WJC92) [3], Bennhold and
Mart (BM02,BM98) [4,19], and Janssen (J02) [6]. They
differ in their mix of N resonances, e.g., BM02 and J02
both include one of the missing quark-model states, the
D13 1895. The most recent models (all but WJC92) have
included form factors at the hadronic vertices. In this
work, we have employed simple electromagnetic dipole
form factors for the kaon and the hyperon. In general the
calculations do not reproduce the data in Figs. 3 and 4,
and while the comparison of the calculations to the data is
illustrative to highlight the present deficiencies in the
current models and their parameter values, the next step
in the study of the reaction mechanism is to include our
polarization data in the available database and to refit the
set of coupling strengths.
As noted earlier, our data reveal a simple phenomenology that indicates the transferred  polarization is
maximal along the virtual photon direction. Here, we
have not included the virtual photon depolarization factor. For our data sample this factor is 0:8, which if
divided out, would push P0 even closer to unity. We note
that the lack of a strong W dependence is an indication
that the data might be economically described in a fluxtube strong-decay framework. In this picture we expect
that the cross section is dominated by photoabsorption by
a u quark. When viewed in the  -p Breit frame, after a u
quark has absorbed the virtual photon, there is an intermediate u-ud system with the u quark polarized along
the photon direction (  z) due to the helicity-conserving
vector interaction. Hadronization into the K  - final
state proceeds with the production of an ss pair that
breaks the color flux tube. Because the u quark hadronizes as a pseudoscalar K  , the s quark spin is required to
be opposite to that of the u quark, i.e., in the z direction.
In the nonrelativistic quark model the entire spin of the 
is carried by the s quark. Since we observe the  polarization to be in the z direction, we conclude that the s
and s spins were antialigned when they were created, if
the hadronization did not flip or rotate their spins. We note
that the authors of Ref. [20] also posit a two-step process
TABLE I. Resonances within the models highlighted in this
work included with the nonresonant Born terms.
Resonance

WJC92

BM98

BM02

J02

N 1650,N 1710
N 1720,N 1895
K 892
K1 1270
 1405
 1800, 1810

131804-5
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for the production of transversely polarized  hyperons
in the exclusive pp ! pK   reaction, and come to the
similar conclusion that the s and s quark pair must also
have been produced with spins antialigned.
A dominance of spin antialignment for the s and s
quarks is not consistent with the S  1 3 P0 operator,
which predicts a 2:1 mixture of ss quarks produced
with spins aligned versus antialigned if the orbital substates are equally populated. Along with other observations of failure of the 3 P0 model (e.g., explaining
3
2 ! +! decay [11]), the applicability of the P0 model
in describing all hadronic decays is brought into doubt.
We await theoretical investigations on the effect of the
functional form of the quark-pair-creation operator on
hyperon polarizations when a single ss pair is produced.
We have reported the first double-polarization mea~
surements in the resonance region for the pe~ ; e0 K  
reaction. Our data show a large degree of  polarization,
which is maximal along the virtual photon direction
(averaging 75% for our kinematics). As this is the first
polarization data set, inclusion into the available database
should make hadrodynamic models much more reliable
for studies of missing-resonance production. Additionally, we feel that a better handle on the form of the
quark-pair creation operator will make baryon spectroscopic models more reliable, hence increasing our confidence in their predictions for missing resonances.
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and the Korea Science and Engineering Foundation. The
Southeastern Universities Research Association operates
JLab for the U.S. D.O.E. under Contract No. DE-AC0584ER40150.

[1] S. Capstick and W. Roberts, Phys. Rev. D 58, 074011
(1998).
[2] R. Alkofer et al., Nucl. Phys. A680, 70 (2001).
[3] R. A. Williams et al., Phys. Rev. C 46, 1617 (1992).
[4] T. Mart and C. Bennhold, Phys. Rev. C 61, 012201 (2000).
[5] B. Saghai, nucl-th/0105001.
[6] S. Janssen et al., Phys. Rev. C 65, 015201 (2002).
[7] N. Isgur and J. Paton, Phys. Rev. D 31, 2910 (1985).
[8] G. S. Bali et al., Phys. Rev. D 51, 5165 (1995).
[9] A. LeYaouanc et al., Phys. Rev. D 8, 2223 (1973).
[10] P. Geiger and E. Swanson, Phys. Rev. D 50, 6855 (1994).
[11] T. Barnes, hep-ph/0202157.
[12] B. A. Mecking et al., Nucl. Instrum. Methods Phys. Res.,
Sect. A (to be published).
[13] D. E. Groom et al., Eur. Phys. J. C 15, 1 (2000).
[14] D. S. Carman and B. A. Raue, CLAS Analysis Note
No. 02-018, 2002, see www.jlab.org/Hall-B/notes/.
[15] G. Knöchlein et al., Z. Phys. A 352, 327 (1995).
[16] H. Schmieden, Eur. Phys. J. A 1, 427 (1998).
[17] T. Feuster and U. Mosel, Phys. Rev. C 59, 460 (1999).
[18] K. H. Hicks, in Proceedings of Hadron2001, edited by
D. Amelin and A. Zaitsev, AIP Conf. Proc. No. 619
(AIP, New York, 2001).
[19] H. Haberzettl et al., Phys. Rev. C 58, R40 (1998).
[20] Z. Liang and C. Boros, Phys. Rev. D 61, 117503 (2000).

131804-6

